Abstract This paper presents a strength analysis of a calcaneal nail (material Ti6Al4V and stainless steel) which is used to treat complex heel fractures. The application focuses on a unique calcaneal nail, the C-NAIL, produced by Medin a.s. (Nové Město na Moravě, Czech Republic). The paper first presents an analysis of fracture types, treatment methods and loading of the calcaneus. It then presents an analysis of limit conditions and loading. Calculations (displacement and stress) are performed for 6 and 7 fixing screws using FEM (Ansys Workbench 14 software). The calculation involves a new, original application of an elastic foundation, which effectively replaces the complex interaction of the calcaneal nail and the heel bone.
INTRODUCTION
This paper focuses on the C-NAIL calcaneal nail produced by the Czech company Medin a.s.. The nail was developed by MUDr. Martin Pompach from the Trauma Department of the Pardubice Regional Hospital, Prof. Hans Zwipp, Dr. Michael Amlang from the Casualty Department of the University Clinic in Dresden, and researchers from the VŠB-Technical University of Ostrava. The C-NAIL is an intermedullary calcaneal nail used in the treatment of interarticular and extraarticular fractures of the calcaneus (heel bone). Fixation with this nail is mini-invasive, based on the principle of stabilizing the bone fragments by means of the nail and fixing screws; see [1] .
THE HEEL BONE
The heel bone (calcaneus), see Fig. 1 , is the largest and heaviest bone in the foot. It consists of joint surfaces which are in contact with the adjacent bones; see [2] . When walking, the heel supports almost the entire weight of the body. If the calcaneus is damaged, even a small movement in the joint surfaces may lead to the beginnings of arthrosis, pain, further fractures, etc. The calcaneus is directly under the skin; it is not covered by muscular tissue but only by a fat pad. If the surface layer is damaged, this may lead to complications in the healing of both the skin and the bone itself.
Calcaneal fractures occur most commonly due to falling from height. This is a serious injury and causes considerable difficulties for patients. During a fall, the entire weight of the body is transferred by the shank and the ankle to the heel bone, which encounters resistance from the surface beneath it. This may cause a partial fracture, or it may shatter the bone into a number of fragments. Other causes of calcaneal fractures include sports injuries, car accidents, injuries related to military conflicts, or explosions under the ground on which the victim is standing. In an accident it is the position of the limbs which determines the type of fracture and subsequent displacement. Calcaneal fractures are frequently combined with other related traumas (fractures of the vertebrae, shanks, tibial condyles, ankles, or wrists due to the victim's self-protective reaction mechanism).
CALCANEAL FRACTURES
Calcaneal fractures are diagnosed according to the patient's medical history and taking account of the injury mechanisms, clinical indications (subjective and objective symptoms), and primarily using X-ray imaging methods; see 
POSSIBILITIES FOR CALCANEUS OSTEOSYNTHESIS
Osteosynthesis of calcaneal fractures may be performed by surgical techniques of external fixation, see [4] , and internal fixation (primarily the application of calcaneal plates or, recently, the C-NAIL calcaneal nail).
The C-NAIL, see Fig. 4 , is a calcaneal intramedullary nail used for mini-invasive fixation of intraarticular and extraarticular calcaneal fractures; see Fig. 3 . It works according to the principle of stabilizing the fragments of the heel bone by means of a nail combined with seven fixing screws, which together create an angularly stable fixation. The maximum stability is attained by fixing the sustentacular fragment with a nail by means of two screws which are introduced using a guide. One of the main advantages of the C-NAIL is its mini-invasive nature. All that is needed for the repositioning of the fragments is a small lateral opening from the apex of the outer ankle towards the base of the 5 th metatarsal (around 3 cm), plus a small number of mini-incisions to introduce the nail and the screws. This mini-invasiveness considerably reduces the risk of subsequent infection. Another key advantage is the stability of the implant, which enables the firm fixation of the heel bone. The C-NAIL consists of a nail, screws and an end cap. The nail is produced in two variants -for the left heel (designated "L") and for the right heel ("R"). The diameter of the nail is 8 mm, and its maximum length is 65 mm. The nail has 7 holes enabling variable fixation in the calcaneus.
LIMIT CONDITIONS
To fix the calcaneal nail into the bone the principle of the elastic foundation was used, according to Winkler (see [5] ); this adequately approximates the situation of the nail within the bone, and removes the need for a direct modelling of the calcaneus. This method was applied to the radial direction of the screws, the axial direction of the screws, the nail itself and the end cap. The values for the modulus of the elastic foundation of the bone k 1,2,3 were selected with regard to the density, dimensions, location and function of an actual heel bone; see A deformable body (in this case the C-NAIL) on an elastic foundation is a statically indeterminate mechanical problem; see [5] . The C-NAIL is continuously supported and surrounded by an elastic foundation whose reaction is proportionate to the flexion at the given point (Winkler's model). Solutions featuring structures on an elastic foundation are commonly applied to various structures in mechanical engineering or the construction industry; see [4] and [5] .
The calculation was performed for a patient with mass m = 120 kg. The calculation was performed for a dynamic value of the force transferred to the calcaneal nail. The calculation introduced the dynamic coefficient K dyn = 1.4, which converts the static problem to a quasistatic problem (increasing force by 40%). The loading force is thus equal to the product of the dynamic coefficient K dyn and the weight force of the patient; see Fig. 6 . This models the extreme situation in which the entire force acts on one limb. The calcaneal nail is implanted into the bone at an angle which depends on the type of the fracture, the size of the fragments, and the experience of the operator. The analysis was based on the positioning of the nail at the angle α = 18 deg. The loading force is evenly distributed across the entire surface of the calcaneal nail.
FEM ANALYSIS
To perform the FEM analysis, a mesh of Hex 20-type finite elements was created on the calcaneal nail. The first part of the calculations was performed for a calcaneal nail containing 7 fixing screws made both of Ti6Al4V and of DIN 1.4441 stainless steel. The stress was evaluated according to the HMH (von Mises) hypothesis. This was followed by the second part of the calculations, using 6 fixing screws of the same materials. A total of 4 calculations were performed using Ansys Workbench 14.5.7 software; see Fig. 7 and 8. 
CONCLUSION
The calculation for the C-NAIL intramedullary nails made of Ti6Al4V material or DIN 1.4441 stainless steel took into account extreme loading and applied a new, simple and effective approach based on an elastic foundation for the interaction of the nail with the calcaneus. The results of four FEM analyses indicate that the highest loading is on the fixing screws (minimum factor of safety for yield strength is 1.808; see Tab. 2). It can thus be stated that the current C-NAIL is adequate for its purpose both in terms of strength and stiffness, and it can be recommended for clinical practice. The reliability of the C-NAIL is also confirmed by laboratory experiments conducted in September 2013 as part of the project TA03010804 at the University of Rostock, Germany. 
